Neutrophils are first responders of the immune system, rapidly migrating into affected tissues in response to injury or infection. To effectively call in this first line of defense, strategically placed cells within the vasculature and tissue respond to noxious stimuli by sending out coordinated signals that recruit neutrophils. Regulation of organ-specific neutrophil entry occurs at two levels. First, the vasculature supplying the organ provides cues for neutrophil egress out of the bloodstream in a manner dependent upon its unique cellular composition and architectural features. Second, resident immune cells and stromal cells within the organ send coordinated signals that guide neutrophils to their final destination. Here, we review recent findings that highlight the importance of these tissue-specific responses in the regulation of neutrophil recruitment and the initiation and resolution of inflammation.
Introduction
Neutrophils play a critical role in the early inflammatory response to infection or injury. Neutrophils comprise the majority of circulating peripheral blood leukocytes in humans and are exquisitely sensitive to inciting stimuli, able to be rapidly and efficiently mobilized in great numbers within minutes to areas of inflammation. While neutrophils have been considered to be foot soldiers of the immune system, dutifully performing their functions en masse with minimal instruction, more recent work has found that the regulation of their movement into organ compartments is more complex and dynamic than previously appreciated. Of note, the specific location and tissue environment where the particular inciting insult takes place, as well as the nature of the original insult, result in unique pathways by which neutrophil recruitment is regulated. In this Review, we will discuss recent studies that demonstrate how tissue resident cells facilitate the movement of neutrophils into target organs. This organ-specific recruitment occurs at two different levels -first, the architecture and cellular composition of the organ-specific vasculature provides cues for neutrophil exit from the bloodstream, and second, sentinel organ-specific tissue resident cells provide additional organized signals to promote their entry into tissues. Understanding how site-specific neutrophil recruitment occurs may help develop more targeted strategies that either strengthen host responses to infection or dampen inappropriate inflammatory processes.
Level 1: The blood vessel --endothelium and associated perivascular cells
Within the vascular space, neutrophils comprise the largest pool of circulating white blood cells (40-80%) in the bloodstream in humans, where they may persist for hours to days until they reach senescence and are cleared by the bone marrow, spleen, and liver. 1 Therefore, the endothelial cell layer lining the vascular lumen serves as an initial tissue barrier that limits leukocyte infiltration into tissues under homeostatic conditions, and then selectively recruits leukocytes during times of injury or infection. Under inflammatory conditions, cytokines, such as tumor necrosis factor (TNF) or IL-1β activate endothelial cells (EC), leading to increased expression of adhesion molecules, such as selectins and integrin ligands, and presentation of chemokines upon their surfaces, which participate in the neutrophil adhesion-recruitment cascade (recently reviewed). 2, 3 In this review, we will discuss the role of the vasculature in neutrophil recruitment from the perspective of its surrounding organ context, and in particular how associated cells of the vasculature (pericytes, perivascular macrophages, and perivascular mast cells) and cells resident within the tissue influence the manner in which neutrophils are recruited into sites of inflammation.
Endothelial cells
The endothelium has been proposed to be the body's largest endocrine organ, covering a surface area of about 400 square meters and comprised of approximately 1.2 trillion EC. 4 Within this endothelial "organ," there exists significant heterogenicity, in terms of the type of blood flow that it supports (arterial vs. venular) and organ site that it supplies. It is wellknown that the endothelium within different organs is structured differently, and that this architecture relates directly to its function. For example, the brain and retinal vasculature is characterized by EC linked by numerous tight junctions, which contribute to their immune privilege from patrolling leukocytes, the reticuloendothelial system (liver, spleen, and bone marrow) are lined by discontinuous ECs that more readily permit cellular trafficking, and organs such as the kidneys and intestine are lined by fenestrated ECs that permit the passage of macromolecules and nutrients. 5, 6 A recent study demonstrated that microvascular ECs from different organs have distinct gene signatures, 7 although how these tissue-specific developmental programs influence neutrophil recruitment within these separate microenvironments is not yet fully studied. Therefore, understanding the organ-specific particularities of the vascular supply should be taken into consideration when interpreting previous findings from in vitro studies or from other body sites.
The development of the classical paradigm of rolling-adhesion-transmigration during leukocyte recruitment through endothelium has been defined either through in vitro models utilizing a flow chamber simulating physiologic blood flow over cultured endothelium, or through animal intravital microscopy visualizing leukocyte migration within easily accessible vascular areas, such as the skin, mesentery, and cremaster muscle. However, different patterns of leukocyte behavior and recruitment appear to occur in physiologically important organs, such as the liver, kidney, and lungs. The vasculature of the liver is characterized by sinusoids, comprised of fenestrated endothelium that connects the circulation of the hepatic artery to the portal vein. Under inflammatory conditions, neutrophils adhere and tether to the walls of the sinusoids in addition to post-capillary venules, and unlike the classical transmigration model, neutrophil recruitment in acute LPSinduced liver injury model is independent of selectins and integrins, 8 and instead utilizes hepatic sinusoidal hyaluronan and neutrophil CD44 to mediate neutrophil adherence and transmigration through the sinusoids. In the lung, in vivo two-photon imaging demonstrates under normal conditions, weakly motile pulmonary neutrophils are present intravascularly and extravascularly in the lung, but upon ischemia-reperfusion (I/R) injury, they rapidly arrest and extravasate through the capillary network. 9 A somewhat similar pattern of neutrophil behavior is seen in the kidney glomerulus. In uninflamed kidneys, neutrophils in glomerular capillaries are retained upon the capillary wall for prolonged periods of time (~5 minutes), termed dwell time. After induction of inflammation with anti-glomerular basement membrane antibody treatment, neutrophils increase their dwell time to over 20 minutes in a Mac-1 dependent fashion. 10 These studies suggest that neutrophil behavior and receptor usage in organs with more porous endothelium will occur differently than in post-capillary venules in superficial connective tissue.
Pericytes
Pericytes are mesenchymally derived cells that are embedded in the basement membrane surrounding the endothelial cell layer of the blood vessel. They are found around smaller vessels, such as blood capillaries, precapillary arterioles, postcapillary venules, and collecting venules. 11 Pericytes are elongated cells with multiple cytoplasmic processes, and a single pericyte may contact multiple EC, with pericyte coverage over the abluminal blood vessel area between 10% to 50%. In addition to being largely restricted to small vessels, pericyte distribution varies between organs, with the highest coverage in the central nervous system and retina (1:1 ratio pericyte:endothelial cell), the lung at a ratio of 1:10, while skeletal muscle has much sparser coverage at a ratio of 1:100. 11, 12 While the reasons for this differential distribution is not clear, it is likely that the increased pericyte density within the brain contributes to its protection from patrolling leukocytes and pathogens as a physical barrier under homeostasis and as an active participant against infection. 13 Pericytes are integrators of signals between multiple cells, providing nutrients and maturation signals for vascular development and regulating the transit of immune cells from the bloodstream into underlying tissues. They express cytokine receptors and toll-like receptors and release cytokines and chemokines in response to stimulation. [14] [15] [16] Understanding role of pericytes in regulating leukocyte recruitment has been greatly advanced by the use of intravital microscopy. Investigation of the migrating behavior of neutrophils in IL-1β-stimulated cremaster muscle showed that they preferentially migrate through areas around the blood vessel that are low in basement membrane components, such as laminin 10 and collagen IV. These low expression regions (LER) were ultimately found to be gaps in between neighboring pericytes, and after neutrophil transmigration occurs, these gaps enlarge in size although not in number, 17 a phenomenon not seen in monocyte transmigration. 18 This remodeling of the basement membrane after neutrophil migration facilitates subsequent populations of neutrophils to migrate afterwards, increasing the efficiency of the immune response. While neutrophil transmigration through the endothelial wall occurs rather rapidly (~4 minutes), neutrophils spend considerably more time (~20 minutes) crawling in the abluminal space between the endothelial and pericyte layers in a manner that is ICAM-1, LFA-1, and Mac-1 dependent. 15 Numerous studies have shown that dynamic changes in pericyte shape and function regulate neutrophil migration through the basement membrane. Pericytes express receptors for IL-1 and TNF, 15 and can be induced to express neutrophil-active chemokines, such as CXCL1 15 and CXCL8. 19, 20 While pericytes express chemokines primarily on their cell bodies, allowing for prolonged contact between neutrophil as they crawl along the pericyte layer, there are also areas of high CXCL1 expression in a few border regions that correspond with areas of neutrophil emigration. 15 Stimulation of pericytes with cytokines can also induce a change in shape, leading to a more elongated shape and an increase in gap size between venules 15 through inhibition of the RhoA/Rho Kinase (ROCK) signaling pathway, 21 thereby increasing the total LER area available for neutrophil migration. After neutrophils migrate through LERs, there is decreased density of ECM components, such as laminin-α5 22 . This LER remodeling is inhibitable either by neutrophil depletion or administration of a neutrophil elastase inhibitor, implying that a neutrophil-dependent proteolytic event is responsible for this process. However, one study found that ECM produced by cytokine-or bleomycin-activated pericytes increased the efficiency of transendothelial migration in vitro through upregulation of endothelial ICAM-1 and redistribution to cellular borders, indicating that pericytes may also regulate neutrophil migration through differences in the content of the ECM they produce. 23 While the majority of neutrophil transmigration occurs at the level of the postcapillary venules, where pericytes are neural/glial antigen 2 (NG2)--smooth muscle α-actin (α-SMA) +, neutrophil adhesion may occur at the arteriolar level 24 , and a different subset of NG2+α-SMA+ pericytes resides in the arteriolar and capillary vessels. 16 These pericytes express TLR2, TLR4, TNFR1 and FPR2, and upon stimulation pericytes increases ICAM-1 expression. 16 Stimulation of pericytes also increases the expression of chemoattractants CXCL1, CXCL8, and MIF and guide extravasating monocytes and neutrophils. Through direct interactions mediated by chemokines and ICAM-1, these pericytes promote neutrophilic inflammation by providing "tracks" for the neutrophils to migrate along, increasing their velocity and directionality of movement, as well as their survival and activation.
Perivascular macrophages
In addition to pericytes, perivascular macrophages (PVM) are intimately associated with the abluminal surface of blood vessels and may also serve as rapid responders to surrounding noxious stimuli. 25 The role of PVM specifically in neutrophil recruitment was recently studied using transgenic DPE-GFP mice, in which GFP is expressed under the control of the Cd4 promoter, allowing for the in vivo visualization of PVM, which are adjacent to postcapillary venules and confirmed to be CD45 + CD3 − CD326 − CD11b hi F4/80 +. 26 These PVM cover approximately one-third of the length of these vessels in the skin in close association with pericytes, although PVM themselves do not directly contact EC. PVMs are differentially distributed throughout organs, as they are found in connective tissues, such as the skin, cremaster muscle, and meninges, but not in the lung or spleen. 26 Upon inoculation of the ear skin with Staphylococcus aureus, neutrophils rapidly extravasate preferentially towards PVM and exit within 0-20 micron of PVM. Gene expression analysis of sorted skin immune cells confirmed that DPE-GFP+ PVMs had the highest expression of chemokines, such as Cxcl1, Cxcl2, Ccl2, Ccl3, and Ccl4, while GFP− macrophages had lower expression of these chemokines but higher expression of IL-1β. This study suggests that the ability of PVMs to rapidly call in circulating neutrophils by producing chemokines is an important means of host defense against bacteria.
Alternatively, PVM may play protective roles in response to other types of tissue injury. CD169, or sialic acid-binding IgG-like lectin (Siglec)-1, is expressed on macrophages of secondary lymphoid organs, such as the lymph node and spleen. CD169 positive macrophages within the kidney medullary region are also CX3CR1 h iLy6C lo and importantly closely associated with the vasculature. 27 Upon induction of renal I/R injury, CD169deficient mice had increased neutrophil infiltration and tissue necrosis along with greater renal function deterioration and death. This phenotype was rescued either by depletion of neutrophils or through the adoptive transfer of Ly6C lo monocytes. Examination of kidneys showed increased Cxcl1, Cxcl2, and ICAM-1 expression in CD169-deficient mice, and coculture of endothelium with CD169-deficient leukocytes increased ICAM-1 expression on endothelium, a finding also seen in kidney endothelium of CD169-deficient mice even before renal I/R injury. 27 The authors hypothesize that in the kidney, CD169 perivascular macrophages serve to tonically suppress baseline endothelial ICAM-1 expression, preventing excessive neutrophil infiltration upon local tissue damage.
Perivascular mast cells
Perivascular mast cells comprise another important tissue resident cell population closely associated with the vasculature. 28 Mast cells are widely distributed throughout vascular beds, particularly in organs where constant contact with the environment occurs, such as the skin, intestine, and lungs, as well as the brain and meninges. In addition to being sentinel cells of the IgE-mediated allergic response, mast cells play important roles in infections and sterile inflammation. 29 Upon activation, mast cells release granule-associated mediators, such as vasoactive amines, proteases, and cytokines, and rapidly synthesize bioactive lipids (leukotrienes and prostaglandins) and cytokines. Intravital, high-resolution confocal microscopy of the ears in MCPT5cre mast cell reporter mice demonstrated that perivascular mast cells reside in SMA− negative capillary and venular beds. 30 While nonmotile, these perivascular mast cells form stable projections into the lumen of blood vessels that gradually retract, and they also make direct contact with the interior of the vessel with their cell bodies, where they may sample the luminal contents of the bloodstream and even bind and phagocytose circulating IgE. While the skin is considered the body's largest organ, there is considerable site-to-site variability in terms of cellular composition, and a recent study enumerating resident immune cell populations in different locations of the skin further reiterated that fact. In mice, the dermis of the ear contains significantly higher numbers of mast cells when compared with the back, footpad, or tail, and 50% of the mast cells in the ear are located perivascularly, within 10 microns of a blood vessel. 31 This difference in mast cell density was phenotypically apparent in a passive cutaneous anaphylaxis model with antigen-specific IgE, as the skin of the ear developed greater histamine release and vascular leakage upon challenge, when compared with the skin of the back, in a manner that was mast cell-dependent. Differences in mast cell density in rats have also been observed in two commonly used sites for in vivo imaging, as the mesentery has a higher number of mast cells while cremaster venules are more sparsely populated. 32 The use of mast cell stabilizers and mast cell-deficient animals has helped to determine the roles of mast cells in pathophysiologic states. Perivascular mast cells are critical for neutrophil recruitment in animal models of vasculitis and arthritis 33 and cerebral ischemia. 34 Mast cells are important producers of TNF, IL-1, and IL-6, which promote subsequent neutrophil recruitment by inducing chemokine production in surrounding cells and by increasing ICAM-1 expression on endothelium. In experimental allergic encephalomyelitis, a model of multiple sclerosis, meningeal mast cells release TNF in response to immunization, leading to both T cell and neutrophil entry into the CNS. 35 In a mouse model of I/R injury, circulating plasmin was found to activate perivascular mast cells, resulting in the generation of leukocytes and platelet activating factor and subsequent neutrophil recruitment, a process inhibited by the administration of plasmin inhibitors. 36 Tissue plasminogen activator, a naturally occurring serine protease capable of converting plasminogen to plasmin, also has this same effect upon perivascular mast cells and resultant neutrophil recruitment. 37 Mast cells also contain preformed neutrophil chemokines such as CXCL1 and CXCL2 that are released on LPS stimulation. 38 In the peritoneum, mast cells are required for initial recruitment of neutrophils out of the blood vessels and into the peritoneal tissue, but tissueresident macrophages are then needed for subsequent neutrophil migration through the interstitum and into the peritoneal cavity, as clodronate-treated macrophage-depleted mice had decreased neutrophils in the peritoneal cavity but an accumulation of neutrophils within the tissue. In this model, perivascular mast cells quickly call in circulating neutrophils from the bloodstream into the surrounding tissue, but the tissue-resident macrophages are then responsible for guiding the neutrophils toward the organ lumen and site of initial challenge.
Level 2: Organ-specific resident cell activation and neutrophil recruitment
After traversing the vessel wall, neutrophils need additional signals to guide them efficiently through the interstitial space and into organ cavities. The cellular composition of individual organs are unique, comprised of a combination of stromal cells such as fibroblasts and epithelium, as well as immune cells such as macrophages and innate lymphoid cells. In addition, the presence of microbiota either under homeostasis (such as in mucosal surfaces) or during infection of normally sterile sites may provide additional cues. 39 Therefore, the process of neutrophil recruitment within individual organs is dictated by the inciting insult and the response of organ-specific tissue-resident cells and newly-recruited immune cells, culminating in the resultant inflammatory response.
Tissue macrophages
It is widely acknowledged that macrophages serve as key sentinels of tissue injury, as they express numerous innate immune receptors, such as toll-like receptors, Fc receptors, and scavenger receptors, that recognize and phagocytose pathogens and cellular debris, and produce large amounts of proinflammatory cytokines in order to mobilize surrounding cells to respond in concert. Tissue-resident macrophages are generally comprised of two populations: embryonically derived resident macrophages that persist and replenish in situ through cellular proliferation, and macrophages originally derived from circulating Ly6Chi monocytes, which are recruited from the circulation upon inflammatory cues and differentiate into macrophages once established within the tissues. [40] [41] [42] Most organs have differing proportions of macrophages of embryonic and adult hematopoietic stem cell (HSC)-monocytic origin, with the exception of the microglia of the brain, which are solely of embryonic yolk sac origin. However, the proportion of embryonic-and adult HSCderived macrophages within a given tissue may vary throughout time depending upon the stressors that the organ encounters. After depletion, tissue macrophages self-generate through in situ proliferation, but under conditions of acute stress (such as with lethal irradiation), circulating monocytes may seize advantage by migrating into inflammatory or injured tissues and establishing themselves as tissue macrophages. Within the heart, Ly6ChiCCR2+ macrophages differentially express critical components of the inflammasome, implying that they have a lower threshold to respond to stimuli when compared with embryonically derived macrophages and could influence the outcome of inflammatory responses. 43 Indeed, the Immunological Genome Project performed a gene expression atlas of tissue macrophages from various organ sites (microglia, peritonea, lung, spleen, etc.) to define a universal set of genes specifically expressed by tissue macrophages, as well as uncover differences between different subpopulations. 44 While certain genes were expressed uniformly in all macrophages regardless of tissue origin, notably CD16 (highaffinity Fcγ receptor) and MerTK (kinase involved in efferocytosis), differences were seen in other important cell surface receptors, such as chemokine receptors, C-type lectins, and toll-like receptors, indicating diverse and specialized functions from site to site.
A recent study nicely illustrates how tissue resident and recruited macrophages work in concert to orchestrate an effective neutrophilic response to infection. 45 A mouse model of urinary tract infection using intraureteral instillation of uropathogenic E. coli was used to study the roles of macrophages and neutrophils in host defense. Intracellular cytokine staining of Ly6C− and Ly6C+ macrophage populations from the bladder demonstrated that the former produced the chemoattractants CXCL1, CXCL2, CXCL6, and MIF, while the latter were the main producers of TNF. Interestingly, when the infection model was reproduced in mice deficient in the TNF receptor, the investigators observed that neutrophils, which were present in the bladder epithelium and urine in wild-type mice, were no longer able to migrate through the interstitial tissue into the epithelium in the absence of TNF signaling. They subsequently found that TNF produced by Ly6C+ macrophages was critical for Ly6C− macrophages to produce CXCL2, which induced neutrophils to produce the matrix metalloproteinase 9, enabling neutrophils to cross the epithelial layer and phagocytose these pathogens. Therefore, they identified three phagocytic populations with distinct and critical roles in the fight against bacterial infection: 1) Ly6C− tissue resident macrophages that attract the first wave of neutrophils by producing neutrophil-active chemokines, 2) Ly6C+ macrophages, which assist neutrophils by giving them the ability to cross epithelial barriers, and 3) neutrophils that travel from the vasculature through the 
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Author Manuscript interstitum and epithelial layer into the bladder lumen, where they phagocytose and kill bacteria (Fig. 2) .
Inflammatory arthritis is a common and debilitating affliction characterized by neutrophilpredominant infiltration within the joint space. It has long been recognized that macrophages play a central role in the pathogenesis of autoimmune inflammatory arthritis, as inhibition of a key macrophage-derived cytokine (TNF) has become a mainstay of treatment. 46 However, the complex roles of the origins of macrophages and their pro-and anti-inflammatory effects have been recently studied in mouse models of inflammatory arthritis. In the K/BxN serum transfer induced model of arthritis (STIA), Ly6C− monocytes, rather than Ly6C+ monocytes, are necessary and sufficient for neutrophil recruitment and STIA after clodronate-mediated global monocyte depletion. 47 . Gout is another type of inflammatory arthritis triggered by monosodium urate (MSU) crystals that activate the inflammasome in resident macrophages, 48 thereby releasing IL-1β and inducing local neutrophil chemokine production and intense neutrophilic infiltration. A gout model using mouse peritoneum for MSU crystal challenge demonstrated that resident macrophages, rather than infiltrating monocytes, were responsible for IL-1β, TNF, and IL-6 production upon initial challenge with MSU crystals. 49 However, upon a rapid second rechallenge with MSU crystals, monocytes that had previously been recruited and still present then established themselves as proinflammatory tissue resident macrophages, developing components of the inflammasome and phagocytic capacity, 50 suggesting that prior monocytic infiltration provides a new pool of tissue macrophages that supports further neutrophilic inflammation. These studies illustrate that even within a newly recruited macrophage population, there exists phenotypic plasticity during the course of disease that can influence neutrophil trafficking.
Fibroblasts
Tissue fibroblasts provide critical structural support for organs through the synthesis of extracellular matrix components and are critical mediators of wound healing. Under inflammatory conditions, they also participate in leukocyte recruitment by producing a variety of chemokines and proteases. 51, 52 Fibroblast-endothelial interactions and their effects upon neutrophil transmigration in vitro have been studied using co-culture methods consisting of an endothelial cell layer grown to confluence on the apical side of a Transwell system, with a supporting basement membrane-like matrix, with a stromal cell line grown on the basal side of the Transwell with or without flow conditions. Stromal cells that have been studied this way include epithelial cells, 53 pericytes, 19, 20 and fibroblasts (synovial and skin). 54 Co-culture of rheumatoid arthritis (RA) synovial fibroblasts with human umbilical vein endothelial cells (HUVEC) support neutrophil adhesion in a CXCL5-dependent manner under flow conditions, while dermal fibroblasts minimally support neutrophil adhesion, 54 indicating that the organ of fibroblast origin could influence neutrophil migration through endothelium. Indeed, co-culture of HUVEC and rheumatoid synovial fibroblasts induce neutrophil-active chemokine expression in both cell lines, but much more robustly so in the rheumatoid fibroblasts (~70-80 fold increase in CXCL5 and CXCL8), but this same effect was not seen in dermal fibroblasts. 55 In autoimmune tissue inflammation, fibroblasts may support neutrophil-active chemokine production upon cytokine stimulation. In a model of experimental autoimmune myocarditis, abrogation of the IL-17 signaling pathway protected mice from developing dilated cardiomyopathy, characterized by intracardiac fibrosis and reduced ventricular function. 56 Although Il17a−/− and Il17ra−/− mice mounted autoimmune responses to cardiac myosin and equivalent numbers of intracardiac CD45 cells, their hearts had fewer neutrophils and monocytes infiltrating the tissues. In vitro and in vivo studies identified IL17A-stimulated cardiac fibroblasts as the most robust producers of proinflammatory mediators such as CXCL1, CCL2, GM-CSF, and IL-6, and could therefore promote the proinflammatory phenotype of Ly6Chi monocytes by inducing monocytes to upregulate IL1β, IL6, and IL12 expression. In the STIA model of arthritis, neutrophil-derived IL-1β induces neutrophilactive chemokine production by fibroblasts, which then recruit additional IL-1β-expressing neutrophils into the joint space, generating a positive feedback loop. 57
Epithelium
Epithelial cells, upon stimulation with cytokines, also produce chemokines that promote neutrophil infiltration. 58 Cxcl5 production by lung alveolar type II cells is induced by synergistic actions of IL-17A and TNF, 59 and its production by Clara cells is regulated by the circadian clock gene BmaI. 60 However, epithelial cells may interact with other tissue cells to downregulate neutrophil recruitment. For example, co-culture of kidney glomerular podocytes with EC demonstrated that podocytes diminished neutrophil recruitment over TNF-stimulated glomerular EC, although interestingly this same effect was not seen with HUVEC, indicating that the source of the endothelial cell affected neutrophil function. 53 Cells may also interact with each other through gap junctions. Connexin 43 (Cx43) is a gap junction molecule expressed on arterial endothelium and in cardiac tissue that facilitates spread of Ca2+-intracellular spikes between cells. Interestingly, while Cx43 is not normally found in capillaries or venules, Cx43 exists in pulmonary capillaries and spreads intracellular Ca2+ levels throughout the endothelium and increases endothelial P-selectin expression, suggesting an important role in endothelial activation. 61 In addition, Cx43 mediates gap junction connections between alveolar macrophages and epithelium, and LPS challenge induces synchronous spikes in Ca2+ levels not only in responding alveolar macrophages but throughout epithelium of adjoining alveoli. 62 Mice whose alveolar macrophages are deficient in Cx43 have increased lung injury and mortality after intranasal LPS challenge, and broncheolar lavage fluid has higher levels of CXCL1, CXCL5, IL-6, CCL3, CCL5, IL-1β, and TNF, indicating that alveolar macrophage-lung epithelial communication through gap junctions protect against excessive inflammation.
lymphoid-tissue inducer cells (LTi) are found in the intestine and lymphoid tissue/Peyer's patches, respectively, where they play an important role in maintaining tissue homeostasis with commensals and other microbes. ILC3 and LTi cells both share the ability to produce IL-17 and IL-22 and influence Th17-like responses. One of the hallmark features of IL-17mediated diseases is the regulation of neutrophil homeostasis and neutrophilic inflammation, therefore, communication between microbiota and ILC3 have significant potential to influence neutrophil trafficking. 65 Several studies support the notion that the gut microbiome helps to maintain neutrophil counts in the periphery, as germ-free mice have lower peripheral neutrophil counts. 66 In perinatal mice treated with broad-spectrum antibiotics, both the number and diversity of intestinal microbes were reduced, and correspondingly, post-natal granulocytosis was suppressed as reflected by lower plasma G-CSF levels and heightened susceptibility to E. coli sepsis. These mice had reduced intestinal levels of IL-17A, and the majority of IL-17producing cells within the intestine were found to be CD4-TCR-RORgt+NKp46+ ILC3s. 67 ILC3s have also been implicated in the pathogenesis of inflammatory bowel disease (IBD), as they play an important role in innate animal models of IBD 68 and are found in increased numbers in human IBD intestinal samples. 69 
Concluding remarks
Clearly, recent key technological and intellectual advances have caused major shifts in perspective regarding the roles of tissue resident cells in the fundamental process of neutrophil migration. In vivo microscopy has provided the classical foundation for explicating the roles of cell-cell interactions critical for the process of leukocyte recruitment, but the development of transgenic reporter mice and novel imaging techniques have revealed the diversity of leukocyte and tissue cellular responses between different organs, as well as the relative importance of critically associated cellular players. In vitro assays recapitulating aspects of physiologic processes have historically utilized a core set of cell lines, but recent work demonstrating the tissue-specific imprinting of a given cell lineage under homeostasis, let alone under disease conditions, has challenged the concept that findings from an individual cell line may be generalizable to processes that occur in different sites and under different conditions. In addition, the emergence of diverse innate immune cell populations, such as macrophages and innate lymphoid cells, continue to be refined and redefined using cellular markers, and future studies utilizing these criteria to define these populations will help standardize future experimental design in order to bring clarity to the individual roles of these cell populations in immune responses. Defining these organ-specific requirements for neutrophil trafficking will assist in more precisely targeting immune responses for enhancement of host defense or suppression of pathologic inflammation.
Box 1

Neutrophil recruitment by tumor stroma and associated cells
The development and recent success of immune-modulating therapies in cancer has breathed new life into the field of immunooncology. While the primary therapeutic focus has been on modulating T cell responses to boost tumor immunity, the literature is filled with studies that indicate that neutrophils (both circulating and intratumoral) contribute to poor prognosis in multiple non-hematologic cancers. 71 Neutrophils possess many attributes that may contribute to cancer progression. They produce multiple proteases that may promote tumor cell motility and invasion as well as angiogenesis, they produce reactive oxygen species that are genotoxic, and have been shown to variably induce cellular proliferation. Neutrophil extracellular traps (NETs) may trap circulating tumor cells and promote metastasis. Tumors formed under inflammatory circumstances, such as UV-radiation-induced melanoma, may be accompanied by neutrophilic inflammation as a result of HMGB1 released by damaged keratinocytes leading to neutrophil activation by TLR4/MyD88 and release of TNF, promoting angiotropism and metastasis. 72 In fact, the GRO chemokines (CXCL1, CXCL2, CXCL3) are produced by melanoma cells and have potent mitogenic activity, 73 in addition to neutrophil chemotactic activity. 74 Several recent studies have pointed to an important and emerging role of CXCR2-mediated neutrophilic inflammation in carcinogenesis. In an intestinal polyp model, invasion by Clostridium species into intestinal epithelial barriers led to enhanced IL-1, TNF, Cxcl2, and IL-17 expression and increased numbers of neutrophils, promoting the formation of serrated polyps in the cecum of mice, the size of which were reduced with neutrophil depletion. 75 In inflammation-induced models of skin papillomas, CXCR2 ligands are produced by both the tumor cells and the surrounding stroma, with neutrophils infiltrating the tumor. CXCR2 deficiency and CXCR2 inhibitor treatment reduced the development of inflammation-induced skin papillomas and intestinal adenomas. In addition, CXCR2 ligands are formed by spontaneously occurring intestinal tumor models, and CXCR2 deficiency abrogates carcinogenesis. 76 In a mouse lymphoma model, tumor-derived oxysterols, such 22R-HC(22-hydroxycholesterol) represent novel ligands for CXCR2 on neutrophils and induce their migration into tumor microenvironments. 77 BLT1, another neutrophil chemoattractant receptor, promotes tumorigenesis in a model of inflammation-exacerbated lung cancer, with mast cell-and macrophage-derived-LTB 4 primarily responsible for drawing in neutrophil towards the inflamed lung. 78 It remains to be seen whether inhibition of neutrophil-specific chemoattractant receptors may represent a novel immune modulating strategy to be used in combination with existing therapies. Another unknown question is how neutrophils may traverse the altered vasculature of the tumor, which is disorganized, immature, and infamously leaky and permeable. However, these studies lend support to the concept that neutrophilic inflammation is deleterious in cancer biology and may provide new directions for further investigation.
Kim and Luster Page 15
Trends Immunol. Author manuscript; available in PMC 2016 September 01.
Author Manuscript
Figure 1. Tissue-resident cellular players in neutrophil extravasation through the vessel wall into tissues
Regulation of tissue-specific neutrophil recruitment into organs occurs at two levels. Level 1 consists of the vasculature supplying the organ. First, endothelial cells induce neutrophil rolling (1) through selectin expression and next induce neutrophil arrest (2) through chemokine-induced activation of integrins. It should be noted that the cell surface receptors required for these processes differ depending upon the organ the blood vessel is supplying. Neutrophils then transmigrate (3) through the endothelial cell layer into the abluminal space. Pericytes encase the abluminal side of capillaries and post-capillary venules. Upon stimulation by TLR ligands or cytokines, pericytes promote neutrophil recruitment by producing neutrophil-active chemokines and upregulating surface ICAM-1, enabling neutrophils to crawl on their surfaces in the abluminal space (4) towards basement membrane low-expression regions (LER). In addition, upon activation pericytes undergo shape change and contract, enlarging areas of exposed basement membrane and available space for neutrophils to pass through. Perivascular macrophages exist in close contact with pericytes and express toll-like receptors and lectins that enable them to produce neutrophilactive chemokines upon stimulation. Perivascular mast cells contain preformed TNF and neutrophil-active chemokines in their granules, which may be rapidly released upon stimulation with immune complexes or TLRs. The distribution of perivascular cells is siteand organ-specific. Level 2 consists of the nature of the tissue resident cells that provide further guidance for neutrophils (5) into the interstitium and in some tissues across the
